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Introduction: Raddeanin A (RA), a potent triterpenoid extracted from Anemone raddeana Regel, has a moderate therapeutic effect
on prostate cancer (PCa), correlating with serious biological toxicity. Therefore, a RA-loaded PEGylated liposome drug delivery
system was devised in this study.

Methods: Hydrogenated soybean phospholipids (HSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-Polyethyleneglycol-
2000 (sodium salt) (DSPE-PEG2k), cholesterol (CHO), and RA were utilised to prepare a RA-loaded liposome (LRA) drug delivery
system via the thin film hydration technique., The drug loading content was confirmed by high performance liquid chromatography.
Dynamic light scattering was employed to evaluate the drug’s particle size and stability. Methyl tetrazolium, colony formation, and
Western blot (WB) were used in vitro to elucidate the inhibitory effect and mechanism of LRA on prostate cancer cells. Finally,
xenograft model was used to confirm the tumor-inhibiting efficacy, clarify the mechanism, and determine the biosafety in mice.
Results: LRA has stable physicochemical properties and a diameter of 173.5 15.3 nm. LRA inhibited the growth of prostate cancer
cells in a dose- and time-dependent manner. LRA can substantially reduce the expression of AR and HMGBI, induce apoptosis,
regulate the expression of cell cycle-related proteins in vitro and in vivo. The results of the biosafety tests demonstrated that LRA
effectively reduced the adverse effects of RA.

Conclusion: As a drug delivery system, LRA could effectively and safely inhibit the progression of prostate cancer.
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Introduction

Prostate cancer (PCa) is one of the most common cancers in men, with more than 260,000 new cases and 34,500 deaths
estimated in the USA in 2022."? Androgen receptors (AR) play a decisive role in the progression of PCa. Androgen
deprivation therapy (ADT) aims to inhibit the development of prostate cancer by antagonizing androgen production, and
binding to AR remains the mainstay of treatment for PCa.> However, most PCa patients develop potential castration-
resistant prostate cancer (CRPC) after 18-36 months of ADT, and CRPC is an important cause of drug resistance and
death in patients.* Multiple molecular mechanisms may be involved in the progression of CRPC, but current findings
suggest that AR play an important role in this process™® in which the androgen produced by the tumor is considered
a critical factor for the continuous activation of the AR in CRPC.

High-mobility Group Protein B1 (HMGB1) is an important mediator of the activation of transcription factor signaling
pathways. It can regulate gene transcription by promoting the binding of transcription factors and specific DNA
sequences, and participates in the occurrence and development of various tumors.” Our previous study found that the
expression of HMGBI1 was significantly increased in PCa specimens, which may be strongly correlated with AR
expression. In addition, HMGBI1 can reactivate AR signaling and directly interact with AR to promote CRPC
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development in a non-androgenic manner.® A surge of research has shown that during ADT treatment, AR are reactivated
in numerous ways in vivo, such as by AR gene mutation, to ensure that AR could still play an important role in the
environment of persistently low androgen levels.” Therefore, there is an urgent need to develop more effective
therapeutic agents.

Raddeanin A (RA), a natural triterpenoid extracted from Anemone raddeana Regel, has significant antitumor effects
on various tumors.” '? In our previous study, RA was shown to target both full-length AR (AR-F) and splice variants of
AR (AR-V), and inhibit the growth of 22Rv1 human prostate cancer cells in vitro. Moreover, RA-induced inhibition of
CRPC cells appeared to be AR-dependent but not androgen-dependent.'> Pharmacokinetic investigations have shown
that the plasma concentration of RA is lower after oral administration than after intravenous or intraperitoneal
administration.'*'> However, preliminary experiments have also shown that after intraperitoneal injection of RA, mice
exhibit significant biological toxicity, such as loss of body weight and abnormal body posture. Thus, it is necessary to
determine the optimal route for RA administration and delivery system.

Liposomes, initially reported in 1964,'° are bilayer vesicles composed of multiple amphiphilic lipid molecules. The
particular hollow ring structure, owing to the presence of hydrophilic and hydrophobic regions, offers a strong backing
force for liposomes as drug carriers.'” To date, liposomes have been extensively explored in many research studies as drug
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delivery vehicles due to manifest properties such as biocompatibility,'® biodegradability,'” low biotoxicity,?* extending the

2! as well as targeting ability.** In previous studies,

retention time of the maximum plasma concentration of drug,
epigallocatechin-3-gallate (EGCGQG) coated with polyethylene glycol gelatin hyaluronic acid (HA) nanoparticles was used
for targeted treatment of prostate cancer, which was proved to be effective in inhibiting the G2/M phase cycle arrest of
prostate cancer cells and inhibiting cell growth. Moreover, liposome medications can specifically bind CD44 receptor and
enhance the apoptotic activity of cancer cells.®> In addition, anchoring a prostate-specific membrane antigen to a lipid
nanoparticle system designed with a pegylated lipid has been shown to be effective in increasing the accumulation of drugs
in prostate tumors and reducing the toxicity of drugs to other organs in rodents.>* There is also a recent study using calcium
alginate nanoparticles coated with curcumin and resveratrol for targeted treatment of prostate cancer. This liposome drug
showed good stability, and it was proved that the cumulative release amount within 24 hours could reach 87.6%, which
could be effectively taken up by tumor cells, and had potent tumor cytotoxicity.> Different functions of liposomes can be
achieved using various synthesis strategies. The drug delivery capability of liposomes is affected by many factors including
lipid composition, surface modification, particle size, and particle stability.*®

In this study, hydrogenated soybean phospholipids (HSPC), 1.2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-Polyethyleneglycol-2000 (sodium salt) (DSPE-PEG,y), cholesterol (CHO), and RA were used to prepare an RA-
loaded liposome (LRA) drug delivery system using the thin film hydration method. The therapeutic effects and safety of
LRA for PCa have been demonstrated both in vivo and in vitro.

Materials and Methods

Chemicals and Reagents

Raddeanin A (RA, purity>98%), trehalose (purity>98%), Rhodamine B (Rh, purity>98%), HSPC (purity>95%), and
CHO (purity>98%) were purchased from Yuanye Bio-Technology (Shanghai, China). DSPE-mPEG,, was purchased
from Cayman Chemical Co. (Ann Arbor, MI, USA). The Annexin V-FITC/PI cell apoptosis detection kit and TUNEL
Cell Apoptosis Detection Kit were purchased from TransGen Biotech (Beijing, China). The MTT reagent kit, hematox-
ylin-eosin (H&E) Staining Kit, and Masson’s trichrome staining kit were purchased from Solarbio Science and
Technology Company (Beijing, China). Antibodies against GAPDH (Cat# 10494-1-AP) and Bcl-2 (Cat# 26593-1-AP)
were purchased from Proteintech (Wuhan, Hubei, China). Anti-cleaved-Caspase-3 antibody (Cat#AF7022), Ki67
(Cat#AF0198), and HRP-conjugated Goat Anti-Rabbit IgG secondary antibodies (Cat#S0001) were purchased from
Affinity Bioscience (Changzhou, Jiangsu, China). Anti-HMGBI1 (Cat#ab18256) and anti-AR (Cat#ab74272) antibodies
were purchased from Abcam (Cambridge, MA, USA). The PSA Elisa Kit (Cat¥MM-0469M1) was purchased from
Jiangsu Meimian Industrial Co., Ltd. (Jiangsu, China).

Preparation of RA Liposome

HSPC, CHO, DSPE-PEGy, and RA were dissolved in methyl alcohol in a molar ratio of 3.3:2.3:0.3:1. The solvent was
then removed using a rotary evaporator to obtain the lipid films. Liposomes were prepared by hydrating the dried lipid
films with deionized water and stirring for 120 min, followed by ultrasonication (500 W) for 120 min. Free RA was
removed by dialysis (dialysis bag, MWCO 3500 Da) after stirring for 12 h. The dialysis solution was filtrated through
a 0.45 um filter membrane and freeze-dried with 2% trehalose (w/v) to obtain RA liposome (LRA). The drug loading
content (DLC%) was confirmed by high performance liquid chromatography (HPLC). The equation for DLC% was as
follows: DLC% = (RA weight) / (Total RA liposome weight) x 100%. HPLC conditions were as follows: the mobile
phase was acetonitrile and H,O (containing 0.05% acetic acid) at a flow rate of 1 mL/min and the ratio of acetonitrile/H,
O was 65/35. An ultraviolet (UV) detector was used with absorption wavelength 256 nm to measure the quantity of RA.

The Release of LRA
A total of 3 mg freeze-dried LRA was dissolved in 3 mL phosphate buffered saline (PBS) at different pH (pH 7.4, pH
6.8), placed in dialysis bags (MWCO 3500 Da), and incubated with 27 mL released media at 37 °C with shaking at
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100 rpm. At different time points (0, 1, 4, 24, 48, and 72 h), 3 mL of the incubated solution was removed and replaced
with fresh medium. The released RA was analyzed using HPLC after freeze-drying.

The Stability of LRA
A sample of 1 mg freeze-dried LRA was dissolved in 1 mL pH 7.4 PBS buffer, and the solution was shaken at 100 rpm at 37
°C. The diameter of the LRA was measured by dynamic light scattering (DLS) at different time points (0, 1, 2, 6, and 24 h).

Cellular Endocytosis Assay

To investigate the cellular uptake of LRA, RA and Rhodamine B (Rh) co-loaded liposomes (LRA/Rh) were prepared. Rh
was dissolved in methyl alcohol solution containing HSPC, CHO, DSPE-mPEG;,, and RA. The Rh/RA molar ratio was
0.03:1. The preparation method for LRA/Rh was the same as that for LRA.

RMI cells were cultured in 6-well plates at a density of 3x10° cells/well and treated with 1.5 pL or 3 pL of LRA/Rh
for 0.5, 3, and 5 h. At each time point, the medium containing the Rh-labeled liposomes was removed, and the cells were
washed twice with PBS. A fluorescence microscope (Olympus, Tokyo, Japan) was used to observe the localization of
Rhodamine B.

Cell Culture

The mouse prostate cancer cell line RM1 and human prostate cancer cell line 22Rv1 were purchased from Procell Life
Science & Technology Company (Wuhan, Hubei, China). The cells were cultured in RPMI 1640 medium (HyClone,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco, USA), 100 units/mL penicillin, and 100 pg/mL
streptomycin in a humidified 5% CO, atmosphere at 37 °C.

Cell Viability Assay

The cytotoxicity of RA and LRA in RM1 and 22Rv1 cells was measured using an MTT assay. Briefly, cells were seeded
in a 96-well plate at a density of 3x10° cells per well and incubated with RA or LRA for 24, 48, and 72 h. The medium
was then replaced, and 5 mg/mL of methyl tetrazolium (MTT) was added to each well and incubated for another 4
h. Subsequently, DMSO was added to each well to dissolve the precipitate. The absorbance was quantified at 570 nm
(Cytation 5; Biotek, Winooski, VT, USA).

Colony Formation

The cells were seeded in 6-well plates at a density of 600 cells/well. After being treated with different concentrations of
RA or LRA for 2 weeks, the cells were fixed with 4% paraformaldehyde for 15 min at room temperature and stained with
Wright-Giemsa stain working solution under the guidance of an instruction manual. Cell clusters with more than 50 cells
were counted as a colony. Cell clonality was calculated as follows: number of colonies / number of plated cells.

Apoptosis Assay and Cell Cycle Assay

Cells were cultured in 6-well plates (3 x 10° cells/well), treated with RA or LRA for 24 and 48 h, and suspended in PBS.
For the apoptosis assay, the cells were incubated in 100 pL Annexin V binding buffer containing 5 pL Annexin V-FITC
and 5 pL PI for 15 min at room temperature in the dark. After adding 400 pL of binding buffer, the stained samples were
analyzed using the BD FACS Calibur (BD, San Jose, CA, USA). For cell cycle assay, the cells were fixed with pre-
chilled cell fixative solution (70% ethanol) for 1 h at —20°C, followed by suspension in staining solution (50 pg/mL
propidium iodide, 100 pg/mL RNase-A, and 0.2% Triton X-100) for 30 min in the dark. The stained samples were
analyzed using the BD FACS Calibur, and the results were visualized using Modfit LT 5 software.

Western Blot Analysis

The cultured cells and tumor tissues were collected and frozen at —80 °C, and total proteins were extracted using RIPA
Lysis Buffer (Beyotime, Shanghai, China) and quantified with the Coomassie Plus (Bradford) Assay Kit (Thermo
Scientific, Cat#23236). Western blot analysis was performed according to previous studies.”” After separation through
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a precast BIS-Tris Gel (4-20%, Cat#abs9384, Absin, Shanghai, China), proteins were transferred onto PVDF mem-
branes. The membranes were blocked with 5% skimmed milk for 45 min at room temperature and then incubated
waveringly with primary antibodies, including anti-HMGB1 (1:1000), anti-GAPDH (1:20,000), anti-Bcl-2 (1:2000), anti-
cleaved-Caspase-3 antibody (1:1000), and anti-AR antibody (1:100) at 4 °C overnight. Subsequently, the membranes
were incubated with HRP-conjugated secondary antibodies (1:10,000) at room temperature for 1 h. Finally, the bands
were visualized by the ECL method using a ChemiScope 6000 imaging system (Clinx Science Instruments, China) and
quantified using ImageJ software. The assay was independently repeated three times.

Animal Study

The in vivo experiments were conducted using protocols and conditions approved by the Experimental Animal Ethics
Committee of Jilin University (Changchun, China). Animal experiments were complied with the arrival guidelines and
the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Male C57BL/6 mice were
purchased from Beijing Unilever Laboratory Animal Co., LTD and reared in a group of five animals per cage at
a temperature of 22 = 1 °C and a 12 h light/dark cycle with access to food and water ad libitum.

To prepare the RM1 xenograft model, 2x10° RM1 cells were injected subcutaneously into the right back of 6-week-
old male C57BL/6 mice. When the tumor volume reached 100—150 mm?*, the mice were randomly divided into three
groups — control, RA, and LRA — with five mice in each group, and intraperitoneally injected with 200 uL saline, RA
(4 mg/kg), or LRA (4 mg/kg, on an RA basis) once every three days respectively. RA and LRA were both dissolved in
saline solution.

The tumor volume and mouse body weight were monitored every three days. The tumor volume was determined
using the following formula: V = af® / 2, where “a” represents the longest radius and B the shortest radius of the tumor.

Following blood collection under anesthesia after three treatments, the mice were euthanized by cervical dislocation
under 2-3% isoflurane anesthesia. The tumor samples were collected, weighed, and stored at —80 °C or fixed in 10%
formalin. The heart, liver, spleen, lungs, and kidneys were excised and fixed in 10% formalin.

Release of RA in Tumors

The RM1 tumor model was established as previously described. When the tumor volume reached 100-150 mm?, the
mice were randomly divided into two groups, RA (4 mg/kg) and LRA (4 mg/kg, on the RA basis), with five mice in each
group. The mice were sacrificed 48 h after treatment and the tumors were collected. Double-distilled water (dd-H,O) was
added at a volume of 100 puL per 0.1 g tumor tissue, followed by grinding into tissue homogenates. Mixtures of
homogenates with methanol (1:3, v/v) were prepared and centrifuged at 10,000 g for 10 min at 4 °C. Supernatants were
collected and passed through a 0.22 um filter. Finally, RA was quantified by HPLC.

H&E Staining, TUNEL Staining, and Immunohistochemical Staining
Paraffin-embedded tumor samples were cut into 4 um consecutive sections, and H&E staining,”® TUNEL staining,?’ and
immunohistochemical staining®® were performed according to the manufacturer’s protocols and previous studies.

For H&E staining, after dewaxing and hydration in water, the sections were stained with hematoxylin solution for 10
min and Eosin Y Aqueous solution for 30s, dehydrated, and covered. Images were captured under a light microscope
(Olympus, Tokyo, Japan).

For TUNEL staining, the sections were dropwise added with 100 pL 0.1% Triton X-100-PBS solution and incubated at
room temperature for 10 min. Thereafter, the sections were labeled with 50 pL TdT working solution at 37 °C for 1 h in the
dark. Next, 100 uL 0.1% Triton X-100-PBS solution was added dropwise before mounting with ProLong Glass Antifade
Mountant Medium (Invitrogen, Cat#P36980). Images were captured using a fluorescence microscope (Olympus).

For immunohistochemical staining, the sections were deparaffinized and hydrated in water. Epitope retrieval was then
performed by heating with EDTA retrieval buffer (Solarbio, Cat#C1033), and nonspecific binding was performed with
2% BSA for 2 h at room temperature. Next, the sections were immunostained with primary antibodies including anti-
HMGBI1 (1:200), anti-Bcl-2 (1:500), anti-cleaved-Caspase-3 (1:100), anti-Ki67 (1:100), and anti-AR (1:200) at 4 °C
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overnight. After that, the sections were incubated with HRP-conjugated secondary antibody and visualized by the DAB
Detection Kit (Thermo Scientific, Cat#34002). Images were captured under a light microscope (Olympus, Tokyo, Japan).

Routine Blood Examination and ELISA Assay
Whole blood samples were collected, and the hemoglobin count (HGB), white blood cell count (WBC), and blood
platelet count (PLT) were determined using a hematology analyzer (Shinova, Shanghai, China).

Whole blood samples were centrifuged at 1000 x g for 10 min after standing at room temperature for 20 min, and the
serum was collected. ELISA kits were used to determine PSA levels, according to the manufacturer’s protocol.

Assessments of Liver and Renal Function
The total bilirubin (T-Bil), alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen
(BUN), uric acid (UA), and creatinine (CREA) levels in serum were measured using an automatic biochemical analyzer.

Masson’s Trichrome Staining

Masson’s trichrome staining was performed according to the manufacturer’s instructions. First, the sections were stained
with Weigert’s iron hematoxylin solution for 10 min after dewaxing and hydration, differentiated in acid alcohol solution
for 10s, and then stained with bluing solution for 3 min, ponceau-acid fuchsin solution for 10 min, and aniline blue
solution for 2 min. The cytoplasm was stained red, and collagen was stained blue. Images were captured under a light
microscope (Olympus, Tokyo, Japan).

Statistical Analysis
Statistical analysis was performed using ANOVA. Statistical significance was set at P < 0.05. All analysis procedures and
graphs were performed using GraphPad Prism version 8. Data are expressed as the mean + SD.

Results

Preparation and Characterization of RA Liposome

The LRA liposome (LRA) was prepared as shown in Figure 1A by hydrating the dried lipid films containing HSPC, CHO, and
DSPE-PEG,; with deionized water. Lipid films were prepared, and then RA was loaded into liposomes through physical
interactions. Free RA was removed by dialysis, and LRA was obtained after filtration and lyophilization. Trehalose was used
during lyophilization to protect LRA nanoparticles. The quantity of RA was measured by high-performance liquid chromato-
graphy (HPLC), and the drug-loading content of LRA was 4.0%. The diameter of LRA was 173.5 = 15.3 nm (Figure 1B), as
analyzed by DLS. This phenomenon was caused by water, and the liposome diameter was larger in water than in dry conditions
because of the amphiphilic characteristics of liposomes.

The stability of LRA was evaluated in phosphate buffered saline (PBS) at pH 7.4 (Figure 1C). The diameter of LRA
was measured by DLS at different time points, including 0, 1, 2, 6, and 24 h. The results revealed that LRA was stable in
PBS (pH 7.4) for 24 h.

The in vitro release behavior of LRA was studied in phosphate buffered saline (PBS) at different pH (pH 7.4, pH 6.8)
at 37 °C. At different time points (0, 1, 4, 24, 48, and 72 h), the released RA was analyzed by HPLC. The results revealed
that RA could be released gently at pH 7.4 and pH 6.8 (Figure 1D). The RA release in pH 6.8 buffer was greater than that
at pH 7.4, indicating that more RA could be released from LRA in tumors than under physiological conditions, as it has
been proven that acidity is a common feature of a tumor.”!

Effects of RA and LRA on Cell Activity in vitro

Firstly, prostate cancer cell RM1 was treated with 1.5 and 3 uM of LRA/Rh for 0.5, 3, and 5 h to investigate its internalization
ability of LRA. It is hard to locate the fluorescent signal in the treatment group of 1.5 uM LRA/Rh in the first 0.5 h. However,
the fluorescence intensity was enhanced in a dose- and time-dependent manner (Figure 2A). At 3 h, fluorescence in the 1.5
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Figure | Preparation and characterization of RA liposome. (A) Synthesis of LRA. (B) The diameter of LRA analyzed by DLS. (C) The stability of LRA. (D) The in vitro
release behavior of LRA.

UM LRA/Rh treatment group was mostly observed at the cellular surface. However, fluorescence could be clearly observed
throughout the RM1 cells in the group of 1.5 uM LRA/Rh at 5 h and the group of 3 uM LRA/Rh at 3 and 5 h.

The cytotoxic effects of RA and LRA on the two prostate cancer cell lines RM1 and 22Rv1 were determined using an MTT
assay. The cells were exposed to different concentrations of RA and LRA, ranging from 0 to 12 uM, for 24, 48, and 72 h. The
cellular toxicity of RA and LRA was enhanced in a time- and dose-dependent manner. For RM1 cells (Figure 2B), 1.5 pM RA
could induce an almost 50% inhibitory rate at 48 h, and the inhibitory rate continued to rise with increased concentration and
time, finally reaching 100% inhibition when treated with 12 uM RA for 72 h. This inhibitory trend was also observed in the LRA
treatment groups. At the same dose, LRA required a longer treatment duration to achieve the same inhibition rate as RA. A dose-
dependent cellular inhibitory capacity was also observed in 22Rv1 cells after treatment with RA or LRA (Figure 2C). However,
at the same dose, the inhibitory effect of RA and LRA on 22Rv1 cells was not as effective as that on RM1 cells. A 50% cell
inhibition rate required 6 pM RA treatment for 72 h.

To verify the effects of RA and LRA on the proliferation of prostate cancer cells, a colony formation assay was
performed. Cell clonality was significantly decreased after treatment with RA and LRA in a dose-dependent manner in
both prostate cancer cell lines (Figure 2D).

Western blot showed that the expressions of AR and HMGB1 were significantly downregulated after treatment with
RA or LRA in these two prostate cancer cell lines. Similar to the MTT results, at the same drug concentration,
downregulation of the RM1 protein content was more significant than that of 22Rv1 (Figure 2E and F).

Effects of RA and LRA on Cell Apoptosis in vitro
To gain insight into the mechanism by which RA and LRA affect the viability of RM1 and 22Rv1 cells, the cell cycle and
apoptosis were detected by PI and Annexin V-PI staining, respectively. As shown in Figure 3A and B, there was no
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change in the cell cycle of either cell line at different doses or intervention durations. In contrast, the apoptotic rate of RA
and LRA was significantly higher than that in the control group in both RM1 (Figure 3C) and 22Rv1 (Figure 3D) cells.
To further investigate the mechanism underlying the effects of RA and LRA on this process, apoptosis-related proteins
were measured using Western blot (Figure 3E). The expression of Bcl-2, a major apoptosis suppressing protein,®” was
downregulated in the RA and LRA treatment groups. Moreover, the protein level of cleaved-Caspase-3, a reliable
mediator of apoptosis activation,* in the RA and LRA groups was significantly higher than that in the control group.

These results indicate that apoptosis participates in RA-induced or LRA-induced cell death in prostate cancer cells.

Antitumor Efficacy of RA and LRA in vivo

The distribution of free RA in tumors was tested to investigate the active drug release of LRA in tumors. Nanoparticles
have been widely studied for their ability to passively target tumors because of their enhanced permeability and retention
effect (EPR) effect.* At 48 h post injection, the concentration of free RA in the LRA group was significantly higher than
that in the RA group (Figure 4A).

To further clarify the therapeutic effects of RA and LRA on PCa, a prostate cancer model was constructed using
C57BL/6 mice with RM1 cells. After treatment with RA or LRA, the results showed an evident inhibition of both tumor
volume and tumor weight in the RA and LRA groups compared with the control group, while LRA treatment showed
a better therapeutic effect than RA treatment (Figure 4B—D). In addition, the serum level of PSA, an AR-regulated gene,
decreased in the RA and LRA groups compared to that in the control group, with the same tendency as the decrease in
tumor growth (Figure 4E). The number of nuclei with fragmentation and pyknosis was higher in the LRA group than in
the RA group (Figure 4F).

To further verify that RA and LRA induced apoptosis, TUNEL staining was performed. As shown in Figure 4G, the
green fluorescence signal which represents apoptotic cells indicated that RA and LRA markedly induced tumor apoptosis
compared with the control group.

Immunohistochemical staining was performed to evaluate the expression of the cell proliferation marker Ki67
(Figure 4H), the prostate cancer-related signaling pathway HMGBI1 and AR (Figure 4I), and the apoptosis markers
cleaved-Caspase-3 and Bcl-2 (Figure 4J). The highest levels of Ki67, HMGBI1, AR, and Bcl-2 were observed in the
control group, whereas they were downregulated in the RA and LRA groups. The expression of cleaved-Caspase-3 was
increased after treatment with RA and LRA compared with that in the control group. Furthermore, the results of Western
blot were consistent with those of IHC staining (Figure 4K and L). These results suggest that RA and LRA inhibit
prostate cancer development by inducing apoptosis in vivo.

Biosafety Assessments of RA and LRA

The results of our previous experiments indicate that intraperitoneal injection of RA could induce serious adverse effects
in mice. Thus, biosafety assessments were conducted to verify whether LRA could avoid the same adverse effects as RA.
As shown in Figure SA, RA treatment significantly decreased the body weight of mice, whereas LRA treatment did not
exhibit the same side effects. The results of routine blood examinations showed no significant differences in terms of
HGB (Figure 5B), WBC (Figure 5C), or PLT (Figure 5D) in each group. Biochemical parameters, including liver
function indices T-Bil, ALT, and AST, and kidney function indices BUN, UA, and CREA, were also measured. The
results showed that RA treatment upregulated the levels of T-Bil, ALT, and AST, whereas LRA alleviated these
impairments (Figure SE-G). No significant differences were found in BUN, UA, or CREA levels between the groups
(Figure SH-)).

H&E staining results showed no significant changes in the heart, spleen, lung, and kidney among the three groups.
However, necrotic and vacuous areas in the liver were observed in the RA group but not in the LRA group (Figure 5K).
Masson’s staining was performed to evaluate the degree of liver fibrosis in each group (Figure 5L). Collagen (blue
staining) was obviously increased in the RA group compared to the control and LRA groups. These results demonstrate
that LRA effectively alleviated the side effects of RA.
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Discussion

In this study, RA-loaded liposome (LRA), a classical drug delivery system, was developed using HSPC, DSPE-PEG,,
CHO, and RA. Moreover, LRA enhanced the therapeutic effect, reduced side effects, and improved bioavailability
compared to RA in prostate cancer both in vivo and in vitro.
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The antitumor ability of RA has been demonstrated in various cancer types, such as suppressing proliferation and
induction of apoptosis in non-small cell lung cancer by suspending the expression of STAT3,% inducing apoptosis in
osteosarcoma by modulating the signaling pathways of JNK/c-Jun,*® and inducing apoptosis in colorectal cancer by
decreasing the activity of the Wnt/p-catenin signaling pathway.?” The proliferation inhibitory effect of RA on prostate
cancer cells, associated with its targeted inhibition of AR, has been proven in vitro,'* whereas the inhibitory effect of RA
on prostate cancer in vivo was first evaluated in this study. However, hepatotoxicity, weight loss, and other biological
side effects have also been observed following RA treatment. Therefore, a drug delivery system is required to target the
delivery of drugs to the tumor site to ensure that the drug is effective while reducing adverse effects.

We applied liposome to contribute to this delivery system, as it has been proven that the drug loaded inside the
liposome could minimize its side effects compared to the free drug alone.*® Studies have reported that estrogen-targeted
oxaliplatin liposomes could improve the toxicity of oxaliplatin in gastric cancer’’ and doxorubicin (DOX) liposomes
loaded with Schizandrin A could improve the bioavailability and reduce the side effects of DOX alone in the treatment of
liver cancer.*

In the classical LRA drug delivery system constructed in this study, HSPC served as the basic framework of
liposomes and CHO was added to enhanced its stability.*' Simultaneously, DSPE-PEG,, was added to increase its
circulation lifetime.*? The longer circulation lifetime was related to the longer chain of PEG, as the blood concentration
of PEGggg-liposome was higher than that of PEG;so-liposome.*® The enhanced permeation and retention (EPR) effect is
a remarkable characteristic of tumor tissue that can assemble more nanocarriers in malignant tissue by penetrating
incomplete tumor vessels, and is also known as the passive targeting of nanoparticles.** The results of in vivo
experiments in this study revealed a better antitumor effect of LRA than that of RA.

To further explore the mechanism underlying the therapeutic effect of RA and LRA on prostate cancer, cell cycle and
apoptosis were analyzed. In addition, the apoptosis-related proteins Bel-2 and cleaved-Caspase-3 were evaluated. These
results indicated that both RA and LRA induced cell apoptosis, which is in accordance with previous studies.'* Chen et al
determined that HMGB1 and AR are strongly associated with the development of CRPC, at least partly because HMGBI1
interacts with AR and reactivates the AR signaling pathway, suggesting that targeting HMGB1 might be a novel strategy
for CRPC therapy.® The results of this study showed that both RA and LRA could downregulate the expression of
HMGBI and silence the AR signaling pathway. Furthermore, the AR signaling pathway is involved in the regulation of
a series of intracellular processes, including cell proliferation and apoptosis.*> Thus, we suspect that the mechanism by
which RA and LRA induce apoptosis in prostate cancer cells may be related to the AR signaling pathway, and subsequent
studies should further investigate the underlying mechanism.

The most inspiring results of this study are that LRA not only enhanced the antitumor effect compared to RA, but also
reduced the side effects of RA. Protection from body weight loss is the most intuitive manifestation of the low toxicity of
LRA. Masson staining and measurement of liver function indicators indicated that LRA was less hepatotoxic than RA.

Conclusion

LRA was prepared by a thin-film hydration method using HSPC, DSPE-PEG,x, CHO, and RA. This nanosized LRA
drug delivery system exhibited a stable structure and sustained drug release. Moreover, RA and LRA significantly
inhibited the growth of prostate cancer cells by promoting cell apoptosis, both in vivo and in vitro. Furthermore, LRA
resulted in less body weight loss and hepatotoxicity than RA alone. These results suggest that RA-loaded liposome could
be a drug delivery system for prostate cancer therapy in further clinical applications.

Abbreviations
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CRPC, castration-resistant prostate cancer; HPLC, high performance liquid chromatography; T-Bil, total bilirubin,
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